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Abstract Irregular, curved, and uneven shapes of tumor vessels contribute to a malignant microenvi-

ronment, promoting metastasis. In this study, using patient-derived xenograft models, we observed that

tumors derived from metastatic colorectal cancer (CRC) tissues exhibited increased vascular density, hyp-

oxia, and permeability, but reduced perfusion and pericyte coverage, compared with tumors derived from

non-metastatic CRC tissues. We conducted a high-throughput microarray analysis to determine the

molecular mechanisms underlying compromised vessel structures. Dentin sialophosphoprotein (DSPP)

was identified as the most upregulated gene in metastatic CRC with abnormal vasculature. Clinically,

high DSPP expression is strongly correlated with poor prognosis and advanced CRC stages. DSPP

stimulates tumor vessel abnormalization and CRC metastasis in vivo, and acts as a novel ligand of

alpha(v)beta (3) integrin (αvß3), which is predominantly expressed in tumor vessels. DSPP could directly

bind to the peptide segment (amino acids 368—411) of αvß3 on the cytoplasmic membrane of endothelial

cells, activating the mitogen-activated protein kinase signaling pathway. Subsequently, therapeutic target-

ing of DSPP with human DSPP antibody or TFA, a selective inhibitor of the αvß3, was investigated to

effectively induce tumor vessel normalization and suppress tumor metastasis in mice. Additionally,

interleukin-17 F (IL-17F) was identified as an upstream regulator of DSPP expression, which promotes
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DSPP transcription via p65 binding to its promoter. Therefore, targeting the DSPP/αvß3 axis to promote

tumor vessel normalization and inhibit tumor metastasis represents a new strategy for the clinical imple-

mentation of combination targeted therapies in patients with advanced CRC.

ª 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Colorectal cancer (CRC) is the third most common cancer

worldwide and the leading cause of cancer-related mortality in

individuals aged <50 years1. Despite advances in treatment, CRC-

related mortality, particularly from metastatic CRC (mCRC),

remains high2,3. Approximately 20% of patients are diagnosed

with mCRC at the outset, and a significant proportion of in-

dividuals experience disease progression to metastatic stage2,3.

Determining the molecular mechanisms underlying mCRC is

crucial to improving tumor treatment strategies. Blood vessels

within tumors play a significant role in metastasis and invasion.

Targeting tumor vessels at the molecular level, such as through a

combination of anti-vascular endothelial growth factor therapy

and chemotherapy, is a more effective therapeutic strategy for

patients with mCRC4. Exploring the association between tumor

vessels and the malignant behavior of CRC and identifying new

molecular targets are essential for the optimization and develop-

ment of intervention strategies for CRC5—9.

Tumor blood vessels often exhibit structural and functional

abnormalities compared with the normal blood vessels5,9.

Furthermore, tumor blood vessels exhibit irregular shapes and

sizes, tortuous structures, and considerable morphological het-

erogeneity. Specifically, hypoxic conditions enhance the aggres-

siveness of cancer cells, whereas permeable blood vessels

facilitate their migration and metastasis to remote locations10. The

leaky endothelial cell (EC) barrier and reduced pericyte attach-

ment to tumor vessels facilitate the intravasation and dissemina-

tion of cancer cells. Strategies to normalize tumor vessels aim to

reduce metastasis and enhance chemotherapy efficacy by restoring

proper perfusion, in addition to depriving cancer cells of nutrients

by preventing angiogenesis and damaging existing tumor

vessels11—13. A low dose of bevacizumab could induce tumor

vessel normalization (TVN), reduce hypoxia, and potentiate can-

cer immunotherapy14,15. However, the functional mechanisms

underlying the compromised vessel structures remain unclear.

Investigating the relationship between tumor vasculature and the

aggressive characteristics of CRC is crucial for advancing early

intervention aimed at TVN.

The small integrin-binding ligand N-linked glycoproteins

(SIBLINGs), including osteopontin (OPN), bone sialoprotein

(BSP), dentin matrix protein-1 (DMP1), dentin sialophosphopro-

tein (DSPP), and matrix extracellular phosphoglycoprotein

(MEPE), are crucial for various biological processes involved in

tumor progression. These molecules play important roles in tumor

cell adhesion, proliferation, invasion, angiogenesis, and metastasis

by interacting with specific cell surface receptors, including

integrins (which engage via arginine—glycine—aspartic (RGD)

and non-RGD motifs) and CD4416,17.

DSPP is mainly known for its role in dentin formation18—20, but

emerging research suggests it may also play a role in cancer biology

across various tumor types. DSPP contributes to the aggressive

behavior of cancer cells by influencing cell adhesion, metastasis,

angiogenesis, cancer cell stemness, and epithelial—mesenchymal

transition21—25. Notably, DSPP is a prostate cancer biomarker

correlated with tumor aggressiveness26—28. Nevertheless, its

involvement in the mCRC remains debatable.

In contrast to conventional vessel normalization approaches

typically aimed at identifying target genes within the endothelial

layer, basement membrane, and mural cells, this study explored a

novel biomarker in CRC cells with significant relevance to

abnormal tumor vasculature.

2. Materials and methods

2.1. Human CRC samples

Primary CRC samples, matched non-cancerous colorectal tissues,

and paraffin-embedded biopsy specimens from patients with CRC

were obtained from the tumor tissue bank. Clinical and long-term

follow-up data from 174 patients with CRC collected from

January 2010 to June 2021 were analyzed. None of the patients

received any local or systemic anticancer therapy before radical

surgery. This study was approved by the Biomedical Research

Ethics Committee of Nanfang Hospital (No. NFEC-2021-431),

and informed consent was obtained from all patients.

2.2. Cell lines and cell culture

CRC and normal colon epithelial cell lines were obtained from the

Cell Bank of the Chinese Academy of Sciences. All cells were

cultured in RPMI-1640 medium (HyClone, Cleveland, OH, USA)

enriched with fetal bovine serum (FBS, Gibco, Thermo Fisher

Scientific, Waltham, MA, USA) as previously described29.

HUVEC and 293 T cells were kindly gifted by Dr. Li Qin at the

Baylor College of Medicine. These cells were cultured in DMEM/

high-glucose medium (HyClone) enriched with FBS. Inhibitors,

including the mitogen-activated protein kinase (MAPK) kinase

inhibitor selumetinib (AZD6244, MCE, Monmouth Junction, NJ,

USA) or cyclo (-RGDfK) TFA (HY-P0023A, MCE), were intro-

duced into the cultured cells. All cells were incubated in a

controlled environment at 37 ◦C with 5% CO2 in a humidified

atmosphere.

2.3. Patient-derived xenograft (PDX) model

The CRC PDX model was established as previously described29.

Briefly, fresh CRC tumor tissues were finely cut into

3 mm × 3 mm × 3 mm blocks on ice using sterile scissors and a

scalpel. The non-necrotic fragments were then isolated carefully.

A 5 mm incision was made in the upper abdomen of non-obese
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Figure 1 Vascular morphology in CRC and screening of target genes related to abnormal vessels. (A) Representative images of hematoxylin

and eosin (HE) and Immunohistochemistry (IHC) staining of CD31 in clinical colorectal cancer (CRC) tissues. (B, C) Quantification of tumor

blood vessels and tortuous vessels in CRC tissues and adjacent normal mucosal tissues. (D) Schematic of the CRC patient-derived xenograft

(PDX) model construction. (E) HE and IHC staining of PDX tumors. (F) PDX tumors were immunostained to assess blood vascular density,

hypoxia, vascular perfusion, vessel permeability, and α-SMA+ pericyte coverage (n � 5). (G) Volcano plot depicting differentially expressed

genes identified from a high-throughput microarray dataset involving eight pairs of metastatic and non-metastatic human CRC tissues (NCBI/

GEO/GSE113296). (H) Heat map of 26 differentially overexpressed genes in PDX mice with normal/abnormal tumor vessels.

(I) Transcriptional expression of DSPP, DMP1, BSP, MEPE, and OPN in the high-throughput microarray datasets and PDX tumors. Data are

presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001; ns, no significance. Scale bars � 100 μm.
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Figure 2 CRC cell-secreted DSPP induces tumor angiogenesis to promote tumor vascular abnormality and metastasis. (A) Representative tubular

structures formed by HUVECs treated with indicated conditioned media (CM) from HCT116 and SW620 cells. Bars on the right represent the number of

capillary tubule nodes and junctions, and the branching length. Data are presented as mean ± SD (n � 3). (B) Representative images of blood vessels

formed in CAM assays following treatment with CM from the indicated HCT116 and SW620 cell lines. The bars on the right illustrate the number of blood

vessel junctions and meshes. Data are presented as mean±SD (n � 3). (C) Representative invivo bioluminescent images of orthotopic tumor-bearing mice

transplanted with the indicated HCT116 cells. The fluorescence signal intensities of tumors are shown on the right. Data are presented as mean ± SD

(n � 5). (D) Immunofluorescence (IF) staining images showing CD31+ blood vessel (BV) density, hypoxyprobe+ areas, SMA+ pericyte coverage, dextran

leakage, and lectin perfusion in tumor vessels in orthotopic tumors derived from indicated cells. Scale bars � 40 μm. Data are presented as mean ± SD

(n � 5). (E) Scanning electron microscopy images showing tumor vessels derived from control and sgDSPP HCT116 cells. (F) HE staining was used to

observe tumor metastasis in the liver and spleen. *P < 0.05, **P < 0.01, ***P < 0.001; ns, no significance.
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Figure 3 Inhibition of DSPP secretion reduces angiogenesis, vascular abnormalities, and metastasis of CRC. (A) Representative tubular

structures formed by HUVECs treated with CM from indicated HCT8 and Caco-2 cells. The number of capillary tubule nodes and junctions, and

the branching length are shown on the right. Scale bars � 100 μm. Data are presented as mean ± SD (n � 3). (B) Representative images

illustrating blood vessel formation in the chorioallantoic membrane (CAM) assay following treatment with CM from indicated HCT8 and Caco-

2 cells. The number of the blood vessel junctions and meshes is shown on the right. Data are presented as mean ± SD (n � 3). (C) Representative

images of orthotopic tumor-bearing mice transplanted with the indicated HCT8 cells. The fluorescence signal intensities of tumors are shown on
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diabetic severe combined immunodeficiency mice, and tumor

blocks were implanted into the incision site.

2.4. Pimonidazole staining and blood vessel leakiness analysis

Mice were intravenously injected with 2 mg of hypoxyprobe 20 min

before tumor resection to allow circulation and hypoxia analysis.

Subsequently, tumor sections were stained using the Hypoxyprobe

Plus Kit (HP2, Hypoxyprobe, Burlington, VT, USA) following the

manufacturer’s instructions. Mice were administered 1 mg of 50 μg

fluorescein-labeled lycopersicon esculentum (tomato) lectin (FL-

1171, Vectorlabs, Newark, CA, USA) and 70 kDa fluorescein-

labeled dextran (MS0905, MKBio, Shanghai, China) to assess

vessel leakiness. Whole-animal perfusion fixation was performed as

described for the Evans Blue assay after 10 min. The tumors were

then carefully removed, fixed in 4% paraformaldehyde overnight,

and either frozen or embedded in paraffin for subsequent analyses.

All animal experiments were approved by the Institutional Animal

Ethics Committee of the Southern Medical University Laboratory

Animal Center (No. SMUL202310034), and conducted in accor-

dance with its guidelines.

2.5. Culture of tumor organoids derived from patients with CRC

Patient-derived tumor organoids (PDTOs) were established using

human CRC tissues as described previously30,31. Briefly, fresh tis-

sues from patients with colon adenocarcinoma were mechanically

disrupted using a gentle cell dissociation reagent (07174,

STEAMCELL, Vancouver, Canada) and then filtered through a

70 μm mesh. The filtered samples were centrifuged at 300 × g for

5 min and mixed with Matrigel (356231, Corning, New York, NY,

USA). The mixture was then seeded into 24-well plates, and the

culture medium (K2103-CR, bioGenous, Beijing, China) was

refreshed every 2 days. Organoids were dissociated using an orga-

noid dissociation solution (E238001, bioGenous) and passaged

every 7—14 days. PDTOs were gene-edited as previously

described30. Virus particles were resuspended in organoid culture

medium containing 8 μg/mL polybrene (Merck KGaA, Darmstadt,

Germany) and incubated with the organoids for 4 h. Thereafter,

organoids were embedded in Matrigel and cultured in medium

containing 10 μmol/L Y-27632 (S6390, Selleck, Houston, TX,

USA). Approximately 48 h after viral infection, organoids were

selected for seven consecutive days in medium containing 2 μg/mL

puromycin.

2.6. Fixation and embedding of PDTOs

After PDTOs reached 80%—90% confluence in a 24-well plate,

the culture medium was removed, and 1 mL of cold 4% para-

formaldehyde was added for fixation for 1 h. The organoids were

gently placed into a 15 mL centrifuge tube and incubated in

10 mL of cold phosphate-buffered saline for 10 min. PDTOs were

then precipitated with 2%—5% molten agarose to form agarose

blocks, which were dehydrated and cleared before paraffin

embedding. Finally, 3 μm paraffin sections were prepared for the

subsequent experiments.

2.7. Glutathione sulfhydryl transferase (GST) pull-down assay

The coding sequences of integrin subunit alpha V (ITGAV)

(1—438 amino acids) and integrin subunit beta 3 (ITGB3)

(109—352 amino acids) were cloned into pGEX-4T-1 vectors

containing a GST-tagged open reading frame. The recombinant

plasmids GST-ITGAV-aa1—438 and GST-ITGB3-aa109—352

were transformed into Escherichia coli BL21 (DE3). GST or GST

fusion protein expression was induced using IPTG when the cell

density reached approximately 60%. After harvesting, the cell

pellet was resuspended in phosphate-buffered saline supplemented

with a protease inhibitor cocktail and PMSF and subjected to

ultrasonic fracturing. The supernatant was collected and incubated

with glutathione Sepharose in a rotating incubator at 4 ◦C over-

night. Subsequently, the purified GST-fusion protein or the GST

control was mixed with the cell lysates of HEK293T cells trans-

fected with the FLAG-DSPP plasmid and incubated together at

4 ◦C overnight. Protein complexes bound to the beads were

washed off and subsequently detected using Western blotting.

2.8. Statistical analysis

The SPSS version 19.0 software (SPSS, Chicago, USA) was uti-

lized to perform data analysis. Nonparametric tests and Kaplan-

Meier survival analysis were employed to analyze the clinical

data. Pearson’s chi-squared (χ2) test and Student’s t-test were used

to evaluate the significance of differences among diverse groups.

All statistical tests conducted were two-sided. The mean

values ± standard deviation (SD) were presented in the data

format. The P-values are depicted in the figures (#P > 0.05,

*P < 0.05, **P < 0.01, ***P < 0.001).

3. Results

3.1. Vascular morphology in CRC and screening of target genes

related to abnormal vessels

The primary CRC tissues from patients with metastasis (mCRC)

exhibited a considerably higher number of tortuous blood vessels

and a deficiency of pericytes compared with primary CRC tissues

from non-metastatic patients (nmCRC) (Fig. 1A—C and Sup-

porting Information Fig. S1A). Regarding the structure and

functional properties of tumor vessels in PDX models of CRC

(Fig. 1D), vessels of PDX tumors derived from mCRC tissues

(PDX-mCRC) exhibited an increased blood vascular density,

hypoxia, and permeability, and decreased vascular perfusion and

α-smooth muscle actin (α-SMA+) pericyte coverage compared

with the PDX tumors derived from nmCRC tissues (PDX-

nmCRC, Fig. 1E and F).

We identified 26 upregulated genes in the mCRC samples in a

previously published high-throughput microarray dataset (NCBI/

GEO/GSE113296) involving eight paired samples of non-

the right. Data are presented as mean ± SD (n � 8). (D) IF staining images showing the CD31+ blood vessel (BV) density, hypoxyprobe+ areas,

SMA+ pericyte coverage, dextran leakage, and lectin perfusion in tumor vessels in orthotopic tumors derived from indicated cells. Data are

presented as mean ± SD (n � 5). Scale bars � 40 μm. (E) Scanning electron microscopy showing tumor vessels derived from control and HCT8

cells with DSPP overexpression. (F) The HE analysis was used to observe the metastasis of orthotopic tumors in the liver and spleen. *P < 0.05,

**P < 0.01, ***P < 0.001; ns, no significance.
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Figure 4 DSPP directly interacts with integrin αvß3. (A) The silver staining result shows the differential expression bands of DSPP-interacting

proteins after the IP assay. (B) The interaction between DSPP and integrin subunit alpha V (ITGAV) and integrin subunit beta 3 (ITGB3) in CM-

treated HCT116 cells was investigated by co-immunoprecipitation (Co-IP) assays. (C) The interaction between DSPP and ITGAV/ITGB3 in 293 T

cells was investigated by Co-IP assays. (D) Schematic diagram showing the truncation variants of Flag-DSPP, GST-ITGAVAA1-438, and GST-

ITGB3AA109-352. (E) Glutathione sulfhydryl transferase (GST) pull-down assay demonstrating the direct binding of DSPP with ITGAVAA1-438

and ITGB3AA109-352. (F) The surface plasmon resonance was conducted to measure the binding affinity between DSPP and ITGAV/ITGB3. (G)

The molecular docking model of DSPP and ITGAV/ITGB3 was performed by a docking program ZDOCK. (H, I) The quantification of capillary

tubule nodes, junctions, and branching length of tubules formed by HUVECs treated with CM from indicated HCT8 cells. Data are presented as

5318 Chaoqun Liu et al.



metastatic and metastatic human CRC tissues (Fig. 1G). We

determined the mRNA expression of these genes in PDX tumors.

Notably, DSPP was the most significantly upregulated gene in

PDX-mCRC tumors with abnormal vessels (Fig. 1H). As DSPP

belongs to the SIBLINGs, we also detected the transcriptional

expression of the other four SIBLINGs in high-throughput micro-

array datasets and PDX tumors. DSPP was the most significantly

upregulated among all SIBLINGs (Fig. 1I). DSPP mRNA expres-

sion was assessed in 10 paired CRC samples and corresponding

adjacent normal tissue samples (Fig. S1B). A significantly higher

DSPP expression was observed in CRC tissues.

3.2. CRC cell-secreted DSPP induces tumor angiogenesis to

promote tumor vascular abnormality and metastasis

We investigated DSPP expression in normal colon and CRC cell

lines. DSPP expression was elevated in HTC116, SW620, and

SW480 CRC cells at the translational level, whereas it was

reduced in HCT8, DLD-1, and Caco-2 cells compared with that in

the normal human colon epithelial NCM460 cells (Supporting

Information Fig. S2A). Subsequently, we introduced a DSPP

silencing vector (shDSPP) and two small guide RNAs (sgRNAs;

sgDSPP1 and sgDSPP2) into the HCT116 and SW620 cells

(Fig. S2B and S2C and Supporting Information Table S1) to

reduce its expression. Next, DSPP levels in conditioned media

(CM) of NCM460 and various CRC cell lines were measured

(Fig. S2D and S2E). DSPP expression in HCT116, SW620, and

HUVEC cells was detected via immunofluorescence (Fig. S2F)

and Western blot analyses (Fig. S2G). Consistently, DSPP was

predominantly expressed in CRC cells.

DSPP knockdown in CRC cells significantly suppressed tubule

formation in HUVECs and angiogenesis in the chicken chorioal-

lantoic membrane (CAM) assay (Fig. 2A and B). Subsequently,

we orthotopically implanted control and sgDSPP HCT116 cells

into nude mice to further confirm the effects of DSPP on angio-

genesis in vivo (Fig. 2C). The tumor vasculature analysis revealed

reduced vascular density, permeability, and hypoxia and enhanced

vascular perfusion and α-smooth muscle actin (α-SMA+) pericyte

coverage following sgDSPP silencing. Therefore, DSPP silencing

affected the structure and function of tumor blood vessels

(Fig. 2D). Scanning electron microscopy of the sgDSPP-treated

group demonstrated a regular, smooth monolayer of endothelial

cells (Fig. 2E). Furthermore, HE staining revealed smaller primary

tumors with fewer liver and spleen metastatic foci in the sgDSPP

group than in the control group (Fig. 2F and Fig. S2H). Moreover,

the sgDSPP group exhibited longer overall survival in the survival

analysis (Fig. S2I).

3.3. Inhibition of DSPP secretion reduces angiogenesis,

vascular abnormalities, and metastasis of CRC

By transfecting pEnter-DSPP into HCT8 and Caco-2 cells, we

generated two CRC cell lines overexpressing DSPP (Supporting

Information Fig. S3A and S3B). The CM of DSPP-overexpressing

CRC cells significantly increased tubule formation in HUVECs

and angiogenesis in the CAM assay. These stimulatory effects

on angiogenesis were dramatically inhibited by human DSPP

antibody (α-DSPP) (Fig. 3A and B). In the orthotopically

implanted nude mice model (Fig. 3C), DSPP overexpression

could increase the blood vascular density, vascular permeability,

and hypoxia and decrease vascular perfusion and α-SMA+ peri-

cyte coverage of tumor vessels (Fig. 3D). Scanning electron mi-

croscopy demonstrated irregular and chaotically organized EC

lining in vessels of the primary tumors derived from the DSPP

overexpressing CRC cells (Fig. 3E). The DSPP-overexpressing

group exhibited larger primary tumors and more extensive liver

and spleen metastases than the controls, suggesting that DSPP

enhances tumor growth and metastatic (Fig. 3F and Fig. S3C).

Furthermore, the DSPP overexpression group exhibited a shorter

overall survival in the survival analysis (Fig. S3D).

3.4. DSPP directly interacts with integrin αvß3

An immunoprecipitation assay was performed to identify proteins

that interact with DSPP. Proteins with a distinct band of the size

approximately 100 kDa were examined using liquid

chromatography-mass spectrometry (LC—MS/MS) (Fig. 4A).

Subsequently, ITGAV, which encodes the αv subunit of the het-

erodimeric integrin αvß3 (alongside ITGB3 encoding the ß3

subunit), was identified as a DSPP-interacting protein (Supporting

Information Fig. S4A). Moreover, analysis of the GSE118904

dataset revealed elevated expressions of ITGAV and ITGB3 in

vascular endothelial cells (Fig. S4B). Subsequently, the in-

teractions between His-DSPP secreted by the CRC cells and

ITGAV/ITGB3 receptors on HUVECs were investigated (Fig. 4B

and C). Additionally, immunofluorescence assays confirmed a

notable co-localization of DSPP and αvß3 on the HUVEC cell

membrane (Fig. S4C).

As DSPP contains a specific RGD peptide sequence that could

bind to the cytoplasmic membrane surface of αvß3, we con-

structed 2 GST-tagged αvß3 truncators containing two different

extracellular domains defined as ITGAV-aa1—438 and ITGB3-

aa109—352, respectively (Fig. 4D). The GST pull-down assay

showed that FLAG-tagged DSPP could directly bind to ITGAV-

aa1—438 and ITGB3-aa109—352 but not to the GST control

(Fig. 4E). The surface plasmon resonance (SPR) assay was

employed to measure the binding affinity between DSPP and αvß3

(Fig. 4F). Subsequently, we transduced HUVEC cells with small

guide RNAs targeting ITGAV and ITGB3 (sgITGAV and sgITGB3,

respectively) to individually knock down the expression of αv and

ß3 integrin subunits (Fig. S4D and Table S1). Notably, the pro-

angiogenic effects of CM derived from DSPP overexpressing

CRC cells were markedly attenuated in HUVEC cells with ITGAV

or ITGB3 knockout (Fig. S4E). Based on the protein function

database Uniprot (https://www.uniprot.org) and literature reports,

we found that DSPP functions by being cleaved into dentin sia-

loprotein (DSP) and dentin phosphoprotein (DPP), and the RGD

sequence is located in the DPP. We predicted DPP—ITGAV

(1—438 amino acids) and DPP—ITGB3 (109—352 amino acids)

structures using I-TASSER and Phyre 2 software. Additionally,

mean ± SD (n � 3). (J, K) The number of the blood vessel junctions and meshes in CAM assays. Data are presented as mean ± SD (n � 3). (L)

Representative HE staining images of patient-derived tumor organoids (PDTOs) are shown. Scale bars � 100 μm. IF assay confirming the

successful construction of DSP/DPP overexpression PDTOs. Scale bars � 40 μm in IF images. (M) Representative tubular structures formed by

HUVECs treated with indicated CM from indicated PDTOs. Scale bars � 100 μm. The lower panel shows the quantification of capillary tubule

nodes, junctions, and branching length. Data are presented as mean ± SD (n � 3). *P < 0.05, **P < 0.01, ***P < 0.001; ns, no significance.
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Figure 5 DSPP/αvß3/MAPK signaling axis promotes tumor vessel abnormalization. (A, B) Investigating the potential regulatory functions of

DSPP in CRC by the WiKi (A) and KEGG (B) pathway enrichment analysis. (C) The mitogen-activated protein kinase (MAPK)-related pathways

were enriched in CRC with high DSPP expression by GSEA analysis. (D) Western blot assays showing the expression of the FAK/ERK pathway

components in HUVEC treated with CM from the indicated CRC cells (E, F) Representative tubular structures formed by HUVECs treated with

indicated CM from indicated HCT8/Caco-2 cells. Data are presented as mean ± SD (n � 3). (G) Heat map demonstrates the differentially

expressed genes related to angiogenesis and matrix metalloproteinase family in HUVEC treated with CM from control and sgDSPP

HCT116 cells. (H) Detecting the effect of AZD6244 on the DSPP-upregulated expression of angiogenesis and matrix metalloproteinase family-

related genes by real-time quantitative PCR. Data are presented as mean ± SD (n � 4). *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 6 Interleukin (IL)-17F upregulates DSPP expression and induces vascular abnormalities in CRC. (A) Western blot assays show the

DSPP expression in HCT8 cells stimulated with a series of relevant inflammatory factors. (B, C) Real-time qPCR, Western blot assays show the

effect of IL-17F and IL-17A on the DSPP expression in HCT8 cells. (D) The quantification of capillary tubule nodes, junctions, and branching

length was performed on HUVECs exposed to CM from HCT8 cells treated with DSPP antibody (α-DSPP), Cyclo(-RGDfK), and AZD6244. Data

are presented as mean ± SD (n � 3). (E) Western blot analysis demonstrates the impact of the interleukin-17 receptor A/interleukin-17 receptor C

antibody on DSPP expression induced by IL-17F in HCT8 cells. (F) Chromatin immunoprecipitation assays verified the location of the p65

binding site within the promoter region of DSPP. (G) Luciferase reporter assay demonstrates the direct interaction of p65 with the promoter region

of DSPP. (H) IF staining shows an increased phosphorylation of intracellular p65 in IL-17F-stimulated HCT8 cells. Scale bars � 10 μm. (I)

Neutralizing dentin sialophosphoprotein facilitates tumor vascular normalization in colorectal cancer 5321



ZDOCK was used to generate an interaction model between the

two proteins (Fig. 4G). We successfully established FLAG-tagged

DSP- and DPP-overexpressing CRC cell lines (Supporting In-

formation Fig. S5B). Only the CM of CRC cells overexpressing

DPP significantly enhanced tubule formation in HUVECs and

promoted angiogenesis in the CAM assay (Fig. 4H and J and

Fig. S5C and S5D). Therefore, CRC cell-derived DSPP induced

angiogenesis mainly through the interaction between the transla-

tionally cleaved DPP protein and integrin αvß3 through its RGD

sequence (Fig. 4I and K and Fig. S5E and S5F). Cyclo (-RGDfK)

is a small-molecule inhibitor that specifically blocks αvß3 activ-

ity32. Cyclo (-RGDfK) effectively inhibited HUVEC proliferation

and viability and exhibited an IC50 value of 115.08 ng/mL

(Fig. S5A). Next, we established PDTOs to further investigate the

effects of DPP (Fig. S5G). Gene editing in PDTOs was performed

to manipulate DPP and DSP expression, and successful generation

of PDTOs overexpressing DPP and DSP was confirmed using

immunofluorescence assays and Western blot analyses (Fig. 4L,

Fig. S5I). Consistently, only the CM of DPP-overexpressing

PDTOs significantly increased tubule formation in HUVECs, and

this effect was reversed by cyclo (-RGDfK) (Fig. 4M and Fig. S5H

and S5J).

3.5. DSPP/αvß3/MAPK signaling axis promotes tumor vessel

abnormalization

KEGG and WiKi pathway enrichment analyses indicated the

essential role of DSPP in regulating tumor vasculature (Fig. 5A

and B and Supporting Information Fig. S6A). Gene set enrichment

analysis revealed enrichment of the mitogen-activated protein

kinase (MAPK) signaling pathway in DSPP-overexpressing tis-

sues (Fig. 5C). Moreover, the CM of DSPP overexpressing CRC

cells could significantly increase p-ERK expression in HUVECs

compared with the control, and αvß3 inhibition by cyclo

(-RGDfK) and α-DSPP could attenuate the p-ERK upregulation

(Fig. 5D). Selumetinib (AZD6244), a selective MAPK kinase

inhibitor that blocks ERK signaling, effectively attenuated the

DSPP-induced increase in tubule formation, thereby rescuing

angiogenesis (Fig. 5E and F and Fig. S6B). We then employed

real-time quantitative PCR to assess the expression of genes

associated with vascular abnormalities. CRC-secreted DSPP could

upregulate angiogenesis and matrix metalloproteinase family-

related genes, and this effect was rescued by AZD6244 (Fig. 5G

and H).

3.6. Interleukin-17 F (IL-17F) upregulates DSPP expression

and induces vascular abnormalities in CRC

We investigated the effect of various inflammatory factors on

DSPP expression in HCT8 cells. Treatment with IL-17F signifi-

cantly increased DSPP expression (Fig. 6A). Real-time quantita-

tive PCR and Western blot analyses revealed that IL-17F, but not

IL-17A, elevated DSPP expression in HCT8 and HCT116 cells

(Fig. 6B and C, Supporting Information Fig. S7A). However, IL-

17F administration did not affect tubule formation in HUVECs

(Fig. S7B). Meanwhile, both the CM of DSPP overexpressing

HCT8 cells and IL-17F stimulated CRC cells enhanced angio-

genesis. However, this stimulatory effect could be attenuated by

α-DSPP, cyclo(-RGDfK), and AZD6244 (Fig. 6D and Fig. S7C).

Additionally, neutralizing antibodies targeting interleukin-17

receptor A (IL-17RA) and interleukin-17 receptor C (IL-17RC)

effectively reversed IL-17F-induced upregulation of DSPP

expression (Fig. 6E). As IL-17F and IL-17RA/IL-17RC binding

can activate downstream nuclear factor kappa-B (NF-κB)

signaling, we confirmed the presence of a p65 binding site in the

promoter region of DSPP using the JASPAR online database.

Chromatin immunoprecipitation and luciferase reporter assays

confirmed direct binding of p65 to the DSPP promoter region in

both 293 T and HCT8 cells (Fig. 6F and G), and IL-17F could

enhance the binding of p65 to the DSPP promoter and tran-

scriptional activity of DSPP in HCT8 cells (Fig. 6I). Immuno-

fluorescence staining revealed increased intracellular p65

phosphorylation in IL-17F-treated HCT8 cells (Fig. 6H). Western

blot analyses indicated that DSPP could activate NF-κB signaling,

whereas IL-17RA antibody or IκBα inhibitor BAY11-7082

attenuated the effect of DSPP (Fig. 6J and K).

The mediating role of DSPP in IL-17F-induced tumor growth

(Fig. 6L and M, right panel and Fig. S7D), liver metastasis

(Fig. 6M, left panel), and abnormal tumor vessel formation

(Fig. 6N) was also investigated in an in vivo orthotopic trans-

plantation model. Both α-DSPP and cyclo (-RGDfK) could

reverse IL-17F effects on the orthotopic tumor growth, liver

metastasis, hypoxia, vascular perfusion, and α-SMA+ pericyte

coverage (Fig. 6L—N).

3.7. DSPP is upregulated in CRC and associated with poor

survival

Among the SIBLINGs, the expression of DSPP was significantly

elevated in mCRC tissues (Fig. 7A and C, Supporting Information

Table S2), whereas no significant differences were observed in the

expression of BSP, DMP1, MEPE, and OPN (Supporting Infor-

mation Fig. S8A). Moreover, our findings indicated a positive

correlation between DSPP expression and an increased number of

tortuous blood vessels (Fig. 7B). Analysis of the GSE39582

database revealed a positive correlation of DSPP expression with

an increased risk of tumor lymph node involvement and advanced

Duke’s stage (Fig. 7D). DSPP expression was assessed in 12

paired CRC samples and corresponding adjacent normal tissue

samples. A significantly higher DSPP expression was observed in

CRC tissues, highlighting its potential role in cancer progression

(Fig. 7E and Fig. S8B). Moreover, patients with mCRC exhibited

significantly higher serum DSPP levels than healthy controls,

reflecting a positive correlation between higher serum DSPP

levels and patients with mCRC (Fig. 7F, Supporting Information

Table S3). Additionally, Kaplan—Meier survival analysis demon-

strated a close association between elevated DSPP levels and

worse prognosis in patients with CRC (Fig. 7G). Multiplex

Luciferase reporter assay demonstrates IL-17F affects the interaction of p65 to the DSPP promoter. (J, K) Western blot assay shows the nuclear

factor kappa-B (NF-κB) signaling pathway components expression. (L) In vivo bioluminescent images of orthotopic tumors in mice transplanted

with the indicated HCT116 cells. (M) HE staining shows the metastasis of the orthotopic tumor in the liver and spleen. The quantification of the

microvascular density is shown on the right. Scale bars � 100 μm. Data are presented as mean ± SD (n � 4). (N) Representative images of IF

staining of orthotopic tumors, and the quantification of Hypoxyprobe+ areas, dextran leakage, and lectin perfusion of orthotopic tumor vessels.

Scale bar � 20 μm. Data are presented as mean ± SD (n � 5). *P < 0.05, **P < 0.01, ***P < 0.001; ns, no significance.
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Figure 7 DSPP is upregulated in CRC and associated with poor survival. (A) Representative IHC images showing DSPP expression levels in CRC

tissues compared to adjacent normal mucosa. Scale bar � 50 μm. The right panel presents quantified IHC scores of DSPP in CRC tissues along with

paired adjacent normal tissues. (B) Representative CD31 IHC staining images of tumor tissue with low and high level of DSPP expression. Scale

bar � 50 μm. The tumor vessel number and tortuousity in CRC tissues with low and high DSPP expression were quantified in the right panel. (C)

Representative IHC images of a CRC patient with high DSPP expression in tumors but no expression in adjacent normal tissues. Scale bar � 50 μm.

(D) The relationship between DSPP expression and tumor lymph node metastasis, as well as Duke’s stage was detected by the GSE39582 database.

(E) The graph shows the expression of DSPP normalized to GAPDH in 12 pairs of CRC tumor tissues and adjacent normal tissues. (F) Enzyme-linked

immunosorbent assay analysis reveals the concentration of DSPP in serum from nmCRC and mCRC patients, compared to levels observed in healthy

control individuals. (G) Kaplan—Meier survival analyses show the overall survival of 74 CRC patients based on DSPP expression. (H) The staining of

DAPI, PanCK, DSPP, CD31, ITGB3, ITGAV was performed in CRC tissue samples using mIF. Scale bar � 50 μm. (I) IHC analysis of DSPP, IL-17F,

p-p65, CD31, ITGB3, ITGAV in CRC tissue samples. Scale bar � 100 μm. *P < 0.05, **P < 0.01, ***P < 0.001; ns, no significance.
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immunofluorescence staining revealed an increased number of

tortuous blood vessels in CRC tissues with high DSPP expression

(Fig. 7H). Furthermore, immunohistochemical analysis confirmed

positive correlations between DSPP expression and the levels of

IL-17F, phosphorylated p65 (p-p65), CD31, ITGAV, and ITGB3.

Specifically, high DSPP expression was associated with elevated

IL-17F, ITGAV, and ITGB3 levels, increased vascular abnormal-

ity, and enhanced intracellular p65 phosphorylation in CRC cells,

whereas low DSPP expression exhibited the opposite pattern in

CRC tissues (Fig. 7I).

Figure 8 A schematic diagram shows the action mechanism of DSPP in regulating tumor vascular abnormalization to induce tumor metastasis.

In the tumor microenvironment, IL-7F enhances the expression and secretion of DSPP in CRC. The CRC-secreted DSPP binds to the integrin

αvß3 on the endothelial cell surface and activates the downstream FAK/MAPK signaling to induce tumor vascular abnormalization, finally

promote tumor metastasis.
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4. Discussion

TVN represents a promising strategy to enhance the efficacy of

anticancer treatments. TVN improves tumor perfusion and

oxygenation by restoring the structural and functional integrity of

the abnormal tumor vasculature, thereby fostering a more favorable

microenvironment for enhanced delivery and efficacy of chemo-

therapy, radiotherapy, and immunotherapy5. This approach shifts

the paradigm from depriving tumors of nutrients through angio-

genesis inhibition to reestablishing vascular function to combat

tumor progression more effectively. Nevertheless, the precise mo-

lecular and cellular mechanisms underlying TVN remain unclear.

SIBLINGs are small soluble ligands that can bind to integrins

through their RGD motifs, distinguishing them from large extracel-

lular matrix proteins16. This interaction enables SIBLINGs to regulate

tumor progression and angiogenesis. They influence EC behavior,

which is crucial for the formation of new blood vessels33. OPN and

BSP are linked to cancer metastasis34. DMP1 influences angiogenesis

by inducing the membrane expression of VE-cadherin, a key

component of EC junctions35. SIBLINGs can influence tumor growth

and metastasis by modulating the angiogenic process, and under-

standing the specific mechanisms by which SIBLINGs regulate

angiogenesis may provide insights into novel therapeutic strategies

targeting these pathways to inhibit tumor vascularization and growth.

As a member of SIBLINGs, DSPP is also implicated in malignant

behaviors. Our findings revealed aberrantly elevated serum DSPP

levels in patients with CRC, reflecting an association between DSPP

and tumor vascular abnormalities leading to tumor metastasis.

Integrins are heterodimers composed of α and ß subunits, each

exhibiting distinct binding specificities and signaling properties,

located at the cell surface36. Integrin αvß3, which specifically

recognizes ligands with RGD motifs, is largely inactive in normal

epithelial cells but is highly expressed and activated in tumor

endothelial cells37. This integrin plays a critical role in tumor

angiogenesis, migration, invasion, and metastasis, as well as in

modulating inflammatory responses38. Therefore, targeting integ-

rin αvß3 or its ligands holds great significance for tumor diagnosis

and treatment.

Although OPN and BSP have been reported as pro-angiogenic

factors, our study revealed that DSPP, via its cleaved form DPP, directly

interacts with integrin αvß339—41. In the present study, SPR and GST

pull-down assays confirmed DSPP as a specific ligand of integrin αvß3,

which binds to the extracellular peptide segments of ITGAV (1—438

amino acids) and ITGB3 (109—352 amino acids). Most integrins form

complexes with extracellular matrix molecules and transmit signals to

intracellular cytoskeletal proteins via their ß subunits, thereby acti-

vating downstream signaling pathways36. Our study demonstrated that

the interaction of tumor-secreted DSPP and integrin αvß3 on the EC

surface could activate the Focal Adhesion Kinase (FAK)—MAPK

pathway. Consistent with previous findings that blocking SIBLING-

integrin interactions reduces angiogenesis and tumor growth40,

integrin-specific inhibitors significantly inhibited DSPP—αvß3 inter-

action and suppressed FAK—MAPK signaling in our study.

Inflammatory cytokines, including IL-6 and IL-8, can activate

transcription factors such as NF-κB and signal transducer and activator

of transcription 3 (STAT3), which can promote tumor angiogenesis by

upregulating vascular endothelial growth factor expression42,43. C—C

motif chemokine ligand 20, a macrophage-derived cytokine, upregu-

lates DSPP expression in cancer cells44. Congruently, IL-17F pro-

moted DSPP expression in tumor cells in a dose-dependent manner in

our study (Fig. 6A—C and Fig. S7A). IL-17F belongs to the IL-17

family and shares approximately 50% amino acid sequence identity

with IL-17A45—47. IL-17 signaling is linked to cell migration and in-

vasion in multiple cancers, including oral squamous cell carcinoma48,

breast cancer49, and gastric cancer50. For instance, IL-17A facilitates

invasion, migration, and cancer stem cell-like properties by activating

the STAT3/NF-κB signaling pathway51. IL-17A indirectly promotes

tumor cell proliferation by enhancing blood vessel development

within the tumor microenvironment, involving the secretion of pro-

angiogenic factors and activation of matrix metalloproteinases in

tumor cells, stromal endothelial cells, and fibroblasts, thereby

improving nutrient availability to cancer cells52,53. Both IL-17A and

IL-17F signal through the receptors IL-17RA and IL-17RC, forming a

heteromeric complex that mediates downstream signaling54. Despite

the established significance of IL-17A, IL-17F plays a complex and

context-dependent role in CRC. IL-17F promotes the self-renewal of

cancer-initiating cells in CRC and ovarian cancer, indicating its po-

tential role in maintaining cancer stem cell populations55. Moreover,

IL-17F may promote tumor growth and progression56.

The present study revealed that IL-17F promotes DSPP

expression in CRC cells. Mechanistically, IL-17F-mediated DSPP

upregulation can be counteracted by antibodies targeting the IL-

17RA and IL-17RC receptors. IL-17 induces the expression of

IκBζ, a key transcriptional regulator, in the NF-κB signaling

pathway through both transcriptional and translational induction,

which enhances mRNA and protein synthesis of numerous target

genes of NF-κB57—60. Meanwhile, the promoter regions of

SIBLINGs contain regulatory sequences with potential binding

sites for transcription factors, including activator protein-1 and

NF-κB, which are involved in processes such as inflammation and

tumorigenesis16. Our findings revealed that IL-17F activates the

NF-κB signaling pathway, enhancing p65 binding to the DSPP

promoter region, thereby upregulating DSPP expression.

5. Conclusions

The present study highlights a close relationship between vascular

abnormalities and metastasis in CRC. We identified DSPP as a

critical mediator of tumor vascular dysfunction and metastasis,

highlighting it as a potential therapeutic target. Mechanistically,

IL-17F upregulates DSPP expression and secretion in CRC cells

in the inflammatory tumor microenvironment. Subsequently,

secreted DSPP activates downstream FAK—MAPK signaling by

binding to integrin αvß3 on the EC surface, thus promoting tumor

vascular abnormalization and metastasis (Fig. 8). Overall, our

study provides robust evidence that DSPP is a novel predictive

biomarker for TVN and metastasis, offering a promising avenue

for therapeutic interventions in CRC.
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